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Abstract
Background: The cultivar Micro-Tom (MT) is regarded as a model system for tomato genetics due to its short life
cycle and miniature size. However, efforts to improve tomato genetic transformation have led to protocols
dependent on the costly hormone zeatin, combined with an excessive number of steps.
Results: Here we report the development of a MT near-isogenic genotype harboring the allele Rg1 (MT-Rg1),
which greatly improves tomato in vitro regeneration. Regeneration was further improved in MT by including a two-
day incubation of cotyledonary explants onto medium containing 0.4 μM 1-naphthaleneacetic acid (NAA) before
cytokinin treatment. Both strategies allowed the use of 5 μM 6-benzylaminopurine (BAP), a cytokinin 100 times less
expensive than zeatin. The use of MT-Rg1 and NAA pre-incubation, followed by BAP regeneration, resulted in high
transformation frequencies (near 40%), in a shorter protocol with fewer steps, spanning approximately 40 days
from Agrobacterium infection to transgenic plant acclimatization.
Conclusions: The genetic resource and the protocol presented here represent invaluable tools for routine gene
expression manipulation and high throughput functional genomics by insertional mutagenesis in tomato.
Background
The miniature tomato (Solanum lycopersicum L) cultivar
Micro-Tom (MT) is considered a model system for
tomato genetics [1] and functional genomics [2,3]. As a
model system, MT displays traits comparable to Arabi-
dopsis, such as small size and short life cycle, suitable
for large scale mutagenesis [1,4,5] and transgenic plant
production [1,6]. Further, tomato is the model of choice
to study fleshy fruit development, whose knowledge can
be extended to other important crops [7].
Agrobacterium-mediated transformation of tomato has
been explored since the 1980 s, when McCormick and
collaborators performed transformation assays of leaf
discs from various cultivars [8]. Since then, several
reports on genetic transformation of tomato have been
published. Transformation efficiencies ranging from 10
to 33% were obtained for several cultivars [8-11], while
specifically for MT, rates from 20 to 56% were reported
[2,3,12,13]. Many parameters affecting transformation
efficiency have been tested, including in vitro regenera-
tion ability, which is basically determined by the explant
genotype.
The wild species Solanum peruvianum is known to
exhibit high in vitro shoot regeneration ability [14]. At
least part of this capacity is due to the presence of the
Rg1 allele [15], which was mapped to chromosome 3,
close to the yellow fresh (r) locus [16]. The recessive r
allele, also present in the green fruited species S. peru-
vianum, confers yellow color to fruits in S. lycopersicum
background, and it can be used as a morphological mar-
k e rf o rt h ep r e s e n c eo fRg1. Different from induced
mutations conferring altered hormone responses and/or
high regeneration capacity, Rg1 is a natural genetic var-
iation introgressed from a tomato wild relative, and as
such it tends to behave like an adaptive trait, minimizing
secondary deleterious effects. Further, the high regen-
eration capacity of Rg1 allows reduced exposure to
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sirable genetic alterations induced by such treatments.
In a previous work, the Rg1 allele was combined with
the small size and short life cycle of MT in the new cul-
tivar Micro-MsK [17]. Here, we developed ‘MT-Rg1’,a
near-isogenic line of MT containing the Rg1 allele from
Micro-MsK. We have also developed a hormone treat-
ment during Agrobacterium co-cultivation and regenera-
tion that replaces the use of zeatin, which, despite its
elevated cost, is currently adopted in almost all tomato
transformation protocols. Combining the high regenera-
tion capacity of ‘MT-Rg1’ and appropriate hormone
treatments, we present a simple, inexpensive and effi-
cient method for MT transformation. The genotype and
the procedures described here provide an invaluable
tool for tomato functional genomics, and will make
genetic transformation of MT, and probably other
tomato cultivars, more accessible and widespread.
Results and Discussion
’MT-Rg1’: a near-isogenic line to MT for in vitro
regeneration improvement
The Micro-MsK cultivar, that combines the small plant
size of MT with the high in vitro regeneration driven by
the Rg1 allele from S. peruvianum [15], was previously
described [17]. In the present work, ‘Micro-MsK’ F6
plants were backcrossed (BC) to MT until the sixth
generation (BC6). After additional six generations of
self-pollination (BC6F6; Figure 1), true-to-type plants
harboring the Rg1 allele, confirmed by in vitro regenera-
tion tests (Figure 2), were named ‘MT-Rg1’.T h en e a r
isogenic genotype exhibits yellow fruits due to the pre-
sence of the r allele, whose locus is tightly linked to that
of Rg1 [16]; highly-branched shoots; and delayed leaf
senescence, as observed in ‘Micro-MsK’ [17]. However,
‘MT-Rg1’ plants are slightly shorter than ‘Micro-
MsK’ (data not shown), since ‘MT-Rg1’ is genetically
closer to MT.
Besides the potential usefulness of MT-Rg1 to improve
tomato in vitro regeneration, it could also be used to
complement studies on the genetic and physiological
basis of morphogenesis [14-16], since it is now fully
directly comparable to a well-characterized genetic
background (Micro-Tom). Upon request, seeds of ‘MT-
Rg1’ are available for interested researchers.
Improving Micro-Tom in vitro shoot regeneration using
the Rg1 allele
We compared the regeneration frequency from cotyle-
don explants of MT and MT-Rg1 genotypes, using MS
media supplemented with the cytokinin 6-benzylamino-
purine (BAP) or zeatin. The regeneration frequency was
significantly higher in MT-Rg1 in both treatments
(Figure 2A), being 2.9-fold and 1.2-fold higher in BAP
and zeatin treatments, respectively in comparison
to MT. These results confirmed that the Rg1 allele
increases the regeneration capacity, not only from root
explants [16], but also from cotyledonary explants,
which is the organ of choice for MT and other tomato
varieties transformation [2,3,9]. Despite the fact that
zeatin is more expensive and less chemically stable than
BAP [18], it is currently adopted for shoot regeneration
in most tomato transformation protocols. The reason
for zeatin preference in tomato transformation protocols
becomes evident when one compares the rate of shoot
formation from MT explants onto BAP-containing
media against that obtained from zeatin-containing
media (Figure 2A). However, regeneration frequency of
‘MT-Rg1’ in BAP was equivalent to that of MT in zeatin
(Figure 2A). Therefore MT-Rg1 opens the possibility of
using BAP instead of zeatin in tomato transformation
protocols.
In most tomato transformation protocols, it is recom-
mended the use 8-day-old cotyledons [2,3,9]. Indeed, the
regeneration capacity of MT drops dramatically with the
increase of the age of cotyledons (Figure 2B). However,
the MT-Rg1 genotype is able to maintain its high regen-
eration ability even from fully expanded 12-day-old
cotyledons (Figure 2B). This additional advantage of
‘MT-Rg1’ could be useful in the development of more
robust (i.e. less dependent of restrictive conditions) pro-
tocols for tomato transformation.
Improving Micro-Tom in vitro shoot regeneration in the
absence of the Rg1 allele
Since the original work of Skoog and Miller in 1950 s, it
is believed that induction of specific organs in vitro is
manly controlled by the auxin-to-cytokinin ratio, which
works not only exogenously [19], but also endogenously
[20]. Valvekens et al. [21] developed an Arabidopsis
transformation protocol using two steps. The first step
was based on a medium that contains a high auxin-to-
cytokinin ratio, which induces cell proliferation, denomi-
nated Callus-Inducing Medium (CIM). Subsequently,
explants were transferred onto a Shoot-Inducing Med-
ium (SIM) with high cytokinin-to-auxin ratio [21]. It is
believed that the initial auxin pulse in CIM leads the cells
to acquire competence to form shoots in SIM [22,23].
The importance of auxin in the process of acquisition of
competence is also evidenced in other developmental
processes, such as somatic embryogenesis [24].
Using the same approach employed by Christianson and
Warnick [22], we determined that the period for acquisi-
tion of competence in MT corresponds to the first
two days after explanting and culture in vitro (Lombardi-
Crestana et al., unpublished results). An initial pulse of
auxin achieved by pre-incubation of cotyledonary explants
onto media containing 0.4 μM 1-naphthaleneacetic acid
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Page 2 of 11Figure 1 Introgression of the Rg1 allele into the Micro-Tom (MT) background. The cultivar MsK harbors Rg1 linked to the r (yellow flesh)
allele in chromosome 3, which confers yellow color to fruits and was used as a morphological marker. MT was used as pollen receptor in all
crosses. In F2, recombinants with MT small size and yellow fruits (rr) phenotype were selected and allowed to self-pollinate for six generations
(F6) rendering to the true-type Micro-MsK [17], which was used for further backcrosses (BC) with MT. After every two backcrosses (BC), plants
were allowed to self-pollinate rendering to BC2F2,B C 4F2 and BC6F2, which were used to select Rg1 based on the yellow fruit trait. Seeds from rr
BC6F2 plants (BC6F3 seeds) were germinated in vitro in order to confirm their high shoot formation phenotype from root or cotyledon explants,
indicating the presence of Rg1. After six generations of self-pollination (BC6F6) the true-type genotype harboring the morphological marker r and
the high regeneration allele Rg1 was named MT-Rg1.
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Page 3 of 11(NAA) for two days, followed by transfer to 5.0 μM BAP
media, resulted in a higher regeneration frequency of MT
(Figure 2C), compared to BAP without NAA pre-incubation.
Thus, combining pre-incubation on NAA followed by
incubation on BAP, which are relatively affordable hor-
mones, a regeneration frequency of 80% was attained
for MT, similar to values observed for direct incuba-
tion onto zeatin media (Figure 2C). The pre-incubation
on NAA media, followed by incubation on zeatin also
increased in vitro regeneration, but was not statistically
d i f f e r e n tf r o mt h er e s u l t sf r o md i r e c ti n c u b a t i o no n
zeatin (Figure 2C).
It is likely that the improvement in MT regeneration
after 2 days pre-incubation on media with 0.4 μMN A A
(Figure 2C) is due to the enhancement of competence
in an auxin-rich medium. As in the two-step method
used by Valvekens et al. [21], we also subsequently
transferred the explants to a SIM, which can be supple-
mented with 5.0 μM BAP or zeatin for tomato
[2,3,16,17,25]. However, since excess callus proliferation
is negatively correlated with shoot regeneration in
tomato [26], a pre-incubation on a Root-Inducing Med-
ium (RIM) containing 0.4 μM NAA, instead of a CIM
for tomato [27] may explain the success obtained here.
Accordingly, despite the fact that auxin treatment has
been long used in tomato regeneration media [25], there
is a lack of protocols that consider the need to restrict
auxin pulses to the phase of acquisition of competence
and to use hormone concentrations that avoid callus
formation [9].
Interestingly, the pre-incubation of MT on NAA med-
ium improved shoot regeneration at the same magni-
tude of that observed using the Rg1 allele (Figure 2A
and 2C). This reinforces early hypothesis that RG1 may
be somewhat related to auxin sensitivity or metabolism
[28], and suggests that it might be a gene controlling
the phase of acquisition of competence in tomato. This
assumption is also corroborated by the fact that Rg1 not
only improves the regeneration of explants, but also
extend their responsiveness to an inducing medium
(Figure 2B).
The Rg1 allele did not affect Agrobacterium infection
To further investigate whether the Rg1 allele has any
positive or negative pleiotropic effect on Agrobacterium
infection, and thus affecting genetic transformation, we
assayed for transient expression rates using the A. tume-
faciens strain EHA105, carrying a translational fusion
between b-glucuronidase (GUS) and green fluorescent
protein (GFP) reporter genes on ‘MT-Rg1’ and ‘MT’.
In situ detection of GUS staining is considered as an
indirect measurement of transgene delivery to plant
cells [29,30]. Our results showed that gene delivery via
Agrobacterium was similar between MT and MT-Rg1
Figure 2 Shoot regeneration frequency from cotyledon
explants in Micro-Tom (MT) and MT-Rg1. A. MT and MT-Rg1
explants (8 days old) were tested in MS medium supplemented
with 5 μM 6-benzylaminopurine (BAP) or 5 μM Zeatin. B. MT and
MT-Rg1 explants with different ages (days after sowing) were tested
in MS medium supplemented with 5 μM BAP. C. MT explants (8
days old) were tested in MS medium supplemented with 5 μM BAP
or 5 μM Zeatin with or without 2 days pre-incubation in MS
medium supplemented with 0.4 μM 1-naphthaleneacetic acid
(NAA). In all treatments, the regeneration frequency (percentage of
explants with well formed adventitious shoots) was observed 21
days after explants inoculation. Vertical bars indicate ± standard
deviation of the mean (n = 6 Petri dishes with 20 explants each).
Different letters indicate significant differences at P ≤ 0.05 (Student’s
t-test).
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Page 4 of 11Figure 3 Transient expression assays. Cotyledon explants from MT (A, B) and MT-Rg1 (C, D) were inoculated with Agrobacterium tumefaciens
EHA105 harboring the gusA reporter gene (see Methods). For the transfection frequency (E) calculation, only explants showing coverage of more
than 50% of the surface with GUS staining (A, C) were considered positive. Vertical bars indicate ± standard deviation of the mean (n = 30
explants). The absence of statistic significance (P ≤ 0.05, Student’s t-test) is represented by n.s.
Pino et al. Plant Methods 2010, 6:23
http://www.plantmethods.com/content/6/1/23
Page 5 of 11explants (Figure 3), suggesting that ‘MT-Rg1’ is amen-
able for genetic transformation using Agrobacterium,a s
MT has already proved to be [1-3].
The use of MT-Rg1 and NAA pre-incubation resulted in a
simple, inexpensive and efficient transformation protocol
The protocol used for Agrobacterium-mediated transfor-
mation is summarized in Figure 4 and detailed in the
Materials and Methods. Based on the high regeneration
ability of MT-Rg1 (Figure 5A and 5B) and the auxin pre-
incubation- increase of regeneration, we tested the com-
bined protocol on transformation efficiency of MT and
MT-Rg1. Since it had been demonstrated that a 4-fold
increase in thiamine concentration in MS was able to
improve the regeneration of tomato explants in vitro
[11], in the present protocol, the MS media was supple-
mented with B5 vitamins [31], which contain 100-fold
higher thiamine concentration than original MS vitamins.
In accordance to these observations, B5 vitamin-based
medium is often preferred for tomato regeneration
[2,13]. Additional to B5 vitamins, the present transforma-
tion protocol also used Acetosyringone (AS) and the
antibiotic Meropenem. AS is a phenolic compound that
stimulates the induction of Agrobacterium virulence
genes [32], improving the transformation efficiency of
certain species [11,33,34]. The antibiotic Meropenem
[35,36] can suppress growth of the bacteria at low con-
centration (25 mg L
-1), contrasting to the commonly
used antibiotics Cefotaxime and Augmentin, which are
utilized at concentrations between 200 and 400 mg L
-1.
The transformation frequency was higher for MT
incubated on NAA pre-treatment followed by cultivation
on BAP media, when compared to MT incubated on
media containing zeatin (Table 1). MT-Rg1 exhibited
transformation frequency of 40-80% higher than that
observed for MT (Table 1). The transformation frequen-
cies obtained here are comparable to those reported in
the best protocols published for tomato transformation
[2,3,10,11]. Besides, using BAP instead of zeatin makes
transformation more affordable, since zeatin is approxi-
mately 100-fold more expensive than BAP. It can be
assumed that most of the steps performed in tomato
transformation protocols are actually to overcome the
low regeneration efficiency of the species. Thus, the use
of high regenerating MT-Rg1 made the present protocol
feasible and reproducible. Furthermore, the present pro-
tocol could eventually be extended to other tomato
cultivars.
MT and MT-Rg1 transgenic T0 plants (Figure 5C)
were acclimatized in approximately 45 days after trans-
formation of explants, and produced T1 seeds, that were
harvested in a total of 105 days (Figure 4). This rapid
production of T1 seeds enables further selection of sin-
gle copy T-DNA insertion based on the segregation of
kanamycin resistance in greenhouse (Figure 5D). As evi-
denced by qRT-PCR and GUS assays (Figure 5E and
5F), the expression level of transgenes can vary widely
among independent transformation events. Regardless
the causes of the variation in expression among the
transgenic lines (e.g. the number of copies of T-DNA or
the site of insertion), it highlights the importance of a
method that increases the efficiency of production of
transformants for further selection of those with the
best level of gene expression.
The fact that Rg1 is genetically linked to the r allele
(Figure 5A) will not limit the use of MT-Rg1 in studies
Figure 4 Schematic representation of the protocol for Agrobacterium-mediated transformation of MT. The horizontal line represents the
timeline for each step. Vertical arrows represent successive steps carried out simultaneously.
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Page 6 of 11Figure 5 Phenotype of MT and MT-Rg1 and selection of transgenic lines. A. Phenotype of adult MT and MT-Rg1 plants. The presence of the
r and Rg1 alleles resulted in yellow fruits and branched shoot, respectively, in the MT-Rg1 genotype (right). B. In vitro regeneration in absence
(top) and presence (bottom) of 100 mg/L kanamycin. The two plates at the bottom of the figure contain explants pre-incubated with
Agrobacterium harboring the nptII-containing vector pROKII. C. Analyses of nptII gene in acclimated T0 transgenic plants by agarose gel
electrophoresis of PCR amplification of a 700 bp fragment of nptII gene and DNA molecular marker (100 bp). D. Selection of segregating T1 lines
performed in the greenhouse by spraying 400 mg/L kanamycin in 14-day-old seedlings for 5 consecutive days. E. Analysis of nptII expression by
qRT-PCR of T2 single copy homozygous plants transformed with the pROKII vector containing the nptII and AtCKX2 genes. F. GUS staining of leaf
disks excised from acclimated T0 plants transformed with the pGPTV-GUS-KAN containing the gusA gene under control of the wound inducible
JERE element (AGACCGCC). Note the enhanced staining of the disk borders, which correspond to wounded areas. Bars = 4 cm (A, B and D) and
1 mm (F). Non-transformed MT plants were used as controls (E, F).
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Page 7 of 11of regeneration and transformation, since when either
one or both alleles (the r allele or the Rg1) would not be
desirable, they can be segregated out from the T1 gen-
eration. To accomplish this, the initial selection can be
done using kanamycin application in the greenhouse
(Figure 5D), followed by selection for red fruits in the
resulting kanamycin-resistant plants. Thus, plants with-
out r and Rg1 alleles, but containing the transgene, can
be selected and multiplied. Moreover, except for studies
of carotenoid biosynthesis, the yellow fruit phenotype
should not interfere in the interpretation of the results.
Prospects for tomato functional genomics
The International Solanaceae Genome Project (SOL)
started in 2003 with the cooperation of researchers
around the world to sequence the 12 tomato chromo-
somes [37]. Functional genomics tools are increasingly
required to explore the information provided by genome
projects. MT is considered a useful genotype for func-
tional genomics, and it has already been used for large
scale chemical [4,5]; physical [5,38] and insertional
[6,39] mutagenesis, as well as for diverse gene expres-
sion analysis [2,3,12,13]. Among the advantages of
understanding the tomato genome are included the use-
fulness of this species to address processes difficult or
impossible to be investigated in Arabidopsis, such as
flowering in a sympodial photoperiod-independent
plant; development of fleshy climacteric fruits; interac-
tions of plants with mycorrhiza; and with agronomical
relevant pathogens and insects. In order to dissect and
study the function of genes regulating the aforemen-
tioned processes, a great number of transgenic lines are
necessary. This will demand an efficient, simple, and
easily reproducible transformation protocol based on
inexpensive chemicals, such as the one presented here.
Conclusions
We generated a new tomato genotype, MT-Rg1,w i t h
high in vitro regeneration ability. Further, we established
that a two-day pre-incubation period of MT cotyledon
explants on an auxin-rich medium, sufficient for root
induction but not for callus proliferation, also improved
MT regeneration. Both strategies enhanced the transfor-
mation efficiency of the model system MT, and allowed
the use of more affordable hormones for this purposes.
The genetic resource and the protocol presented here
represent invaluable tools for routine gene expression
manipulation and high throughput functional genomics
by insertional mutagenesis in tomato.
Methods
Plant material, breeding and cultivation
The Solanum lycopersicum cultivar Micro-MsK [17],
which harbors the dwarfing genes of Micro-Tom (MT)
plus the Rg1 allele from S. peruvianum [16] was crossed
and backcrossed to MT by conventional means to obtain
a near-isogenic line (Figure 1), named MT-Rg1. General-
purpose growth of plants was carried out in a greenhouse
under automatic irrigation (four times a day), at an aver-
age mean temperature of 28°C; 11.5 h/13 h (winter/
summer) photoperiod, and 250-350 μmol m
-2 s
-1 PAR
irradiance [natural radiation reduced with a reflecting
mesh (Aluminet - Polysack Industrias Ltda, Itápolis,
Brazil)]. The miniature plants were grown in 150-ml pots
containing a 1:1 mixture of commercial substrate (Plant-
max HT, Eucatex, São Paulo; Brazil) and expanded ver-
miculite, supplemented with 1 g NPK 10:10:10 L
-1
substrate and 4 g dolomite limestone (MgCO3+CaCO3)
L
-1 substrate. At flowering stage (about 35 days from
sowing) plants were supplemented with NPK (circa 0.2
g/pot). About 40 days after each crossing, mature fruits
w e r eh a r v e s t e da n dt h es e e dp u l pw a sr e m o v e db yf e r -
mentation for 12-h using commercial baker’s yeast (Sac-
charomyces cerevisae, Fermix, São Paulo; Brazil). Seeds
were subsequently washed and air-dried.
Hormone stock solutions
To prepare stock solutions, hormone salts were dis-
solved by drops of 1 M HCl (BAP and zeatin) or 1 M
KOH (NAA), before adding distillated water. All hor-
mone stocks were filter-sterilized (0.2 μm) before adding
to sterile media. The pH of the hormone stock solutions
was not adjusted and they were added, under sterile
conditions, after pH adjustment and autoclaving of the
medium. No alterations in the pH of the final medium
were observed upon addition of hormone stock solu-
tions. Acetosyringone (AS) stock solution was made in
70% ethanol and added to the medium after filtration
(0.2 μm). The concentration of stock solutions used was
5 mM BAP (0.0548 g in 50 mL water); 5 mM zeatin
(0.0563 g in 50 mL water), 0.4 mM NAA (0.0037 g in
50 mL water); and 100 mM AS (0.9811 g in 70% etha-
nol). Using these 1000× stock solutions requires 1 mL
of stock per L of final medium.
Vectors
The plasmid pROKII ([40]; kindly provided by Thomas
Schmülling, Free University of Berlin) was used to develop
Table 1 Transformation efficiency (%) of MT and MT-Rg1
in two regeneration media
Genotypes
Hormones MT MT-Rg1
21 d Zeatin 21.2 ± 2.4 38.0 ± 7.3
2 d NAA + 19 d BAP 25.0 ± 3.2 37.2 ± 8.9
Means followed by the standard errors (SE) correspond to six independent
transformation experiments (n = 6).
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Page 8 of 11the MT transformation system using Agrobacterium tume-
faciens.T h ep R O K I Ic o n t a i n saneomycin phosphotransfer-
ase II (nptII) gene, which confers resistance to kanamycin,
driven by the nos promoter. The plasmids pROKII, har-
boring a cytokinin oxidase gene (AtCKX2)d r i v e nb yt h e
CaMV 35 S promoter [41], and the pGPTV-GUS-KAN,
containing the gusA gene under control of the wound-
inducible JERE element (AGACCGCC) [42], were also
used for stable transformation. For transient transforma-
tion assays, the binary vector pCambia1304, containing a
translational fusion between the reporter genes gusA and
Egfp5 and the hpt gene that confers hygromycin resistance,
both driven by the CaMV 35 S promoter [43], was used.
The plasmids were introduced into A. tumefaciens
EHA105 by electroporation.
Agrobacterium preparation
Agrobacterium w a si n i t i a l l yg r o w ni ns o l i dL Bm e d i u m
containing 50 mg L
-1 rifampicin (Aventis Pharma Ltda,
Suzano, Brazil) and 100 mg L
-1 kanamycin (Gibco, Grand
Island, NY, USA) for 48 h at 28°C. A single colony was
transferred to 3 mL of liquid LB medium supplemented
with the rifampicin and kanamycin, as above, and culti-
vated at 28°C for 48 h at 120 rpm. From this culture, 500
μL were taken and added to 50 mL of fresh LB medium
with the same antibiotics. The Agrobacterium culture was
incubated overnight at 120 rpm and afterwards it was cen-
trifuged at 2000 g for 15 min. The pellet was resuspended
in liquid basal MS [44], supplemented with 30 g L
-1
sucrose and B5 vitamins [31], to an OD600 nm of 0.2-0.3.
Ten minutes before inoculation, sterile AS (Acros Organ-
ics, Morris Plains, NJ, USA) was added to the bacterial
suspension to a final concentration of 100 μM.
Explant inoculation and in vitro regeneration
Seeds from MT and MT-Rg1 were surface-sterilized by
shaking in 100 mL of 30% (v/v) commercial bleach
(2.7% sodium hypochloride) plus two drops of commer-
cial detergent, for 15 min, followed by three rinses with
sterile water. The seeds were germinated on half
strength MS salts; half strength B5 vitamins; 15 g L
-1
sucrose and 6 g L
-1 agar (Merck, Darmstadt, Germany).
MS original vitamins [44] were also tested for seed ger-
mination and explant regeneration. The media pH was
adjusted to 5.8 before autoclaving. Approximately 40
seeds were sown per flask containing 30 mL of media.
Cultures were sealed with PVC. Cultures were incubated
a t2 5±1 ° Ci nt h ed a r kf o r4d ,f o l l o w e db y4du n d e r
16-h photoperiod provided by a 40 W cool white fluor-
escent tube (c.a. 45 μmol PAR m
-2 s
-1).
Cotyledons were isolated from 8-day-old seedlings. The
distal and proximal tips were removed, and the cotyle-
dons were divided transversally in two or three pieces.
Explants were placed with the abaxial side down
immediately after isolation, with 20 explants per Petri
dish (90 × 15 mm), using 6 plates per treatment. Explants
were placed onto solid Root Inducer Medium (RIM),
composed by MS salts, with B5 vitamins, 30 g L
-1
sucrose, 6 g L
-1 agar, 0.4 μM NAA (Sigma, St Louis,
USA), and 100 μM AS. During explanting, a Petri dish
containing potassium permanganate salts was kept inside
the laminar flow hood to avoid ethylene accumulation,
which can reduce tomato regeneration afterwards [28].
Two drops of Agrobacterium suspension in liquid MS
were applied per explants using a micropipette. This
amount of suspension was sufficient to cover the
explants surface completely, including the borders.
Plates were incubated at room temperature, and after
10 min the excess of bacterial suspension was removed
with a sterile pipette, and explants were blotted dry on
sterile filter paper. Plates were maintained under dark
conditions at 28°C for 2 d for co-cultivation. Explants
were then transferred to Shoot Inducing Medium (SIM),
composed by MS medium with B5 vitamins, 30 g L
-1
sucrose, 6 g L
-1 agar, 5 μM BAP (Sigma, St Louis, USA)
or zeatin (Duchefa, Haarlem, The Netherlands), supple-
mented with 100 mg L
-1 kanamycin and 25 mg L
-1 Mer-
openem (Antibióticos do Brasil Ltda, Cosmópolis,
Brazil), and cultivated under 16 h photoperiod at 25 ±
1°C for 3 weeks. One subculture was performed during
this period. In all steps, plates were sealed with parafilm.
Well-developed shoots (2-4 mm) were separated from
the explants and transferred to flasks containing 30 mL
hormone-free MS media supplemented with 100 mg L
-1
kanamycin and 25 mg L
-1 Meropenem to elongate and
root for two weeks. Flasks were sealed with PVC. Kana-
mycyn was used for in vitro selection of transgenic lines.
To suppress Agrobacterium growth over the explants
after co-cultivation, besides Meropenem (25 mg L
-1),
400 mg L
-1 Augmentin (GlaxoSmithKline, UK) or 400
mg L
-1 cefotaxime (Novafarma, Brazil) were also tested.
Acclimatization and selection of transgenic lines
Rooted T0 plantlets were transferred to the greenhouse
for acclimatization in 150 mL pots containing the same
mixture described before. Transgenic plants were
allowed to self-pollinate, producing T1 seeds, and fol-
lowing generations. T1 and T2 generations were con-
firmed for kanamycin-resistance in the greenhouse by
spraying the kanamycin (400 mg L
-1) in 14-day-old
(from sowing) seedlings for 3-5 consecutive days [45].
Transgenic lines that remained green after kanamycin
sprays were selected. Transgenic T1 lines that produced
only kanamycin resistant T2 seedlings were considered
homozygous.
To avoid overestimation of transformation frequency,
plants originated from the same area in the explant
were considered as derived from non-independent
Pino et al. Plant Methods 2010, 6:23
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calculated by dividing the total number of independent
transformation events (acclimatized plants) by the total
number of inoculated explants.
Transient and stable GUS expression
To confirm successful transient expression, cotyledonary
explants were subjected to histochemical assay to detect
GUS activity. The number of blue-colored GUS positive
spots was correlated with the transient expression rates.
Transient expression was evaluated in 30 explants
(3 Petri dishes with 10 explants each; n = 3) per treat-
ment. Explants were considered GUS positive when
exhibiting more than 50% of surface covered with blue
spots. To test stable GUS expression in JERE::GUS
plants, leaf disks excised from acclimated T0 plants were
incubated in water for 12 h and then transferred to
staining buffer [80 mM sodium phosphate buffer, pH
7.0; 0.4 mM potassium ferrocyanide; 8 mM EDTA;
0.05% Triton X-100; 0.8 mg/mL 5-bromo-4-chloro-3-
indolyl-b-D-glucuronide (X-Gluc); 20% methanol]
and incubated at 37°C [46]. The reaction was stopped
by adding 70% ethanol after 24 h, allowing the removal
of chlorophyll from leaf disks. Results from GUS assays
were observed under stereomicroscope (SMZ800,
Nikon, Japan).
Molecular analysis
To identify transformants, genomic DNA was extracted
from leaflets of acclimated T0 plants, using the method
described by Fulton et al. [47], and tested for the pre-
sence of the nptII gene. Negative (DNA from non-trans-
genic plants and disarmed bacteria) and positive
(purified plasmid) controls were employed. The nptII
gene (~700 bp) was amplified using specific primers
(F: 5’-GAGGCTATTCGGCTATGACTGG-3’ and R:
5’-ATCGGG AGCGGCGATACCGTA-3’). Each polymer-
ase chain reaction (20 μL) contained 20 mM Tris-HCl; 50
mM KCl; 3 mM MgCl2; 125 μMd N T P s ;1UTaq DNA
polymerase; 75 ng plant DNA; and 0.25 μM of each pri-
mer. The reaction was submitted to the following condi-
tions: 1 min at 94°C; 30 cycles of amplification (1 min at
94°C; 30 s at 60°C; and 2 min at 72°C) and a final cycle of
10 min at 72°C. The amplified fragments separated in 1%
agarose gel electroforesis using 1/2 Tris-borate buffer
stained with Ethidium bromide.
For quantitative reverse transcription amplification
(qRT-PCR), total RNA extraction from leaflets was car-
ried out using a lithium chloride (LiCl) protocol [48].
Three μg of each total RNA sample, treated previously
with DNAseI (Fermentas), were reverse transcribed in a
20-μL reaction using the SuperScript III kit (Invitrogen),
according to the manufacturer’s recommendations.
Quantitative PCR from this cDNA was performed with
primers specific for the nptII gene (F: 5’-GGCTAT-
GACTGGGCACAACA-3’ and R: 5’-GCAGGAGCAAGG
TGAGATGAC-3’)a n df o rt h eGAPDH (glyceraldehyde
3-phosphate dehydrogenase) gene (F: 5’-TCCATCA-
CAGCCACTCAGAA-3’ and R: 5’-TCAACCACGGA-
CACATCAAC-3’) as an internal reference. Samples at a
concentration 1:10 were evaluated in a RotorGene 3000
thermocycler (Cobertt Research) in triplicate. Cycle
threshold (CT) values were recorded and amplification
efficiencies were determined by a dilution series
using the software Rotor-Gene Real-Time Analysis 6.0.
Relative expression values were calculated according to
Pffafl [49].
Acknowledgements
We thank Dr. Maria Lorena Sereno for the valuable help in molecular
techniques. This work was supported by the ‘Fundação de Amparo à
Pesquisa do Estado de São Paulo’ (grant 02/00329-8 and fellowship 04/
15268-0), and ‘Conselho Nacional de Desenvolvimento Científico e
Tecnológico’ (grant 475494/03-2 and fellowship 308075/03-0).
Author details
1Department of Biological Sciences (LCB), Escola Superior de Agricultura
“Luiz de Queiroz” (ESALQ), Universidade de São Paulo (USP), Av. Pádua Dias,
11, CP 09, Piracicaba, SP, 13418-900, Brazil.
2Centro de Energia Nuclear na
Agricultura (CENA), USP, Av. Centenário, 303, Piracicaba, SP, 13400-970, Brazil.
3CNPUV, EMBRAPA, Rua Livramento, 515, CP 130, Bento Gonçalves, RS,
95700-000, Brazil.
Authors’ contributions
LEP performed transformation assays, acclimatization and selection of
transgenic plants and participate in preparation of the manuscript. SLC
performed all crosses and selection of genotypes. MSA performed in vitro
regeneration experiments. DCS and LB performed the molecular analyses.
VQ performed transient expression assay and participate in preparation of
the manuscript. AF participated in conceiving the project and manuscript
preparation. LEPP conceived the project, supervised transformation,
regeneration and preparation of the manuscript. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 31 August 2010 Accepted: 7 October 2010
Published: 7 October 2010
References
1. Meissner R, Jacobson Y, Melamed S, Levyatuv S, Shalev G, Ashri A, Elkind Y,
Levy A: A new model system for tomato genetics. Plant J 1997,
12:1465-1472.
2. Dan Y, Yan H, Munyikwa T, Dong J, Zhang Y, Armstrong CL: MicroTom - a
high-throughput model transformation system for functional genomics.
Plant Cell Rep 2006, 25:432-441.
3. Sun HJ, Uchii S, Watanabe S, Ezura H: A highly efficient transformation
protocol for Micro-Tom, a model cultivar for tomato functional
genomics. Plant Cell Physiol 2006, 47:426-431.
4. Watanabe S, Mizoguchi T, Aoki K, Kubo K, Mori H, Imanishi S, Yamazaki Y,
Shibata D, Ezura H: Ethylmethanesulfonate (EMS) mutagenesis of
Solanum lycopersicon cv. Micro-Tom for large-scale mutant screens. Plant
Biotechnol 2007, 24:33-38.
5. Pino-Nunes LE, Figueira AVO, Tulmann Neto A, Zsögön A, Piotto FA,
Silva JA, Bernardi WF, Peres LEP: Induced mutagenesis and natural genetic
variation in tomato ‘Micro-Tom’. Acta Hortic 2009, 821:63-72.
6. Mathews H, Clendennen SK, Caldwell CG, Liu XL, Connors K, Matheis N,
Schuster DK, Menasco DJ, Wagoner W, Lightner J, Wagner DR: Activation
Pino et al. Plant Methods 2010, 6:23
http://www.plantmethods.com/content/6/1/23
Page 10 of 11tagging in tomato identifies a transcriptional regulator of anthocyanin
biosynthesis, modification and transport. Plant Cell 2003, 15:1689-1703.
7. Emmanuel E, Levi AA: Tomato mutants as tools for functional genomics.
Curr Opin Plant Biol 2002, 5:112-117.
8. McCormick S, Niedermeyer J, Fry J, Barnason A, Horsch R, Fraley R: Leaf disc
transformation of cultivated tomato (L. esculentum) using Agrobacterium
tumefaciens. Plant Cell Rep 1986, 5:81-84.
9. Frary A, Earle ED: An examination of factors affecting the efficiency of
Agrobacterium-mediated transformation of tomato. Plant Cell Rep 1996,
16:235-240.
10. Ling HQ, Kriseleit D, Ganal MW: Effect of ticarcillin/potassium clavulanate
on callus growth and shoot regeneration in Agrobacterium-mediated
transformation of tomato (Lycopersicon esculentum Mill.). Plant Cell Rep
1998, 17:843-847.
11. Cortina C, Culiáñez-Macià FA: Tomato transformation and transgenic plant
production. Plant Cell Tissue Organ Cult 2004, 76:269-275.
12. Park SH, Morris JL, Park JE, Hirschi KD, Smith RH: Efficient and genotype-
independent Agrobacterium-mediated tomato transformation. J Plant
Physiol 2003, 160:1253-1257.
13. Qiu D, Diretto G, Tavarza R, Giuliano G: Improved protocol for
Agrobacterium mediated transformation of tomato and production of
transgenic plants containing carotenoid biosynthetic gene CsZCD. Sci
Hortic 2007, 112:172-175.
14. Koornneef M, Hanhart C, Jongsma M, Toma I, Weide R, Zabel P, Hille J:
Breeding of a tomato genotype readily accessible to genetic
manipulation. Plant Sci 1986, 45:201-208.
15. Koornneef M, Hanhart CJ, Martinelli L: A genetic analysis of cell culture
traits in tomato. Theor Appl Genet 1987, 74:633-641.
16. Koornneef M, Bade J, Hanhart C, Horsman K, Schel J, Soppe W, Verkerk R,
Zabel P: Characterization and mapping of a gene controlling shoot
regeneration in tomato. Plant J 1993, 3:131-141.
17. Lima JE, Carvalho RF, Tulmann Neto A, Figueira A, Peres LEP: Micro-MsK: a
tomato genotype with miniature size, short life cycle, and improved in
vitro shoot regeneration. Plant Sci 2004, 167:753-757.
18. Letham DS, Palni LMS: The biosynthesis and metabolism of cytokinins.
Annu Rev Plant Physiol 1983, 34:163-197.
19. Skoog F, Miller CO: Chemical regulation of growth and organ formation
in plant tissues cultured in vitro. Symp Soc Exp Biol 1957, 11:118-131.
20. Peres LEP, Kerbauy GB: High cytokinin accumulation following root tip
excision changes the endogenous auxin-to-cytokinin ratio during root-
to-shoot conversion in Catasetum fimbriatum Lindl. (Orchidaceae). Plant
Cell Rep 1999, 18:1002-1006.
21. Valvekens D, Van Montagu M, Van Lijsebettens M: Agrobacterium
tumefaciens mediated transformation of Arabidopsis thaliana root
explants by using kanamycin seletion. Proc Natl Acad Sci USA 1988,
85:5536-5540.
22. Christianson ML, Warnick DA: Competence and determination in the
process of in vitro shoot organogenesis. Dev Biol 1983, 95:288-293.
23. Che P, Lall S, Nettleton D, Howell SH: Developmental steps in acquiring
competence for shoot development in Arabidopsis tissue culture. Planta
2007, 226:1183-1194.
24. Pasternak T, Prinsen E, Ayaydin F, Miskolczi P, Potters G, Asard H, Van
Onckelen H, Dudits D, Fehér A: The role of auxin, pH and stress in the
activation of embryogenic cell division in leaf protoplast-derived cells of
alfalfa. Plant Physiol 2002, 129:1807-1819.
25. Kut SA, Evans DA: Plant regeneration from cultured leaf explants of eight
wild tomato species and two related Solanum species. In Vitro 1982,
18:593-598.
26. Peres LEP, Morgante PG, Vechi C, Kraus JE, Van Sluys M-A: Shoot
regeneration capacity from roots and transgenic hairy root of different
tomato cultivars and wild related species. Plant Cell Tissue Organ Cult
2001, 65:37-44.
27. Wang H, Jones B, Li Z, Frasse P, Delalande C, Regad F, Chaabouni S,
Latché A, Pech JC, Bouzayen M: The tomato Aux/IAA transcription factor
IAA9 is involved in fruit development and leaf morphogenesis. Plant Cell
2005, 17:2676-2692.
28. Lima JE, Benedito VA, Figueira A, Peres LEP: Callus, shoot and hairy root
formation in vitro as affected by the sensitivity to auxin and ethylene in
tomato mutants. Plant Cell Rep 2009, 28:1169-1177.
29. Jefferson RA: Assaying chimeric genes in plants: the GUS gene fusion
system. Plant Mol Biol Rep 1987, 5:387-405.
30. Ueki S, Lacroix B, Krichevsky A, Lazarowitz SG, Citovsky V: Functional
transient genetic transformation of Arabidopsis leaves by biolistic
bombardment. Nat Protoc 2009, 4:71-77.
31. Gamborg OL, Miller RA, Ojima K: Nutrient requirement of suspension
cultures of soybean root cells. Exp Cell Res 1968, 50:151-158.
32. Nadolska-Orczyk A, Orczyk W: Study of the factors influencing
Agrobacterium-mediated transformation of pea (Pisum sativum L.). Mol
Breed 2000, 6:185-194.
33. Stachel SE, Nester EW, Zambryski PC: A plant cell factor induces
Agrobacterium tumefaciens vir gene expression. Proc Nat Acad Sci USA
1986, 83:379-383.
34. Wu YF, Chen Y, Liang XM, Wang XZ: An experimental assessment of the
factors influencing Agrobacterium-mediated transformation in tomato.
Russ J Plant Physiol 2006, 53:252-256.
35. Asbel LE, Levison ME: Cephalosporins, carbapenems, and monobactams.
Infect Dis Clin North Am 2000, 14:435-447.
36. Kizirgil A, Demirdag K, Ozden M, Bulut Y, Yakupogullari Y, Toraman Z: In
vitro activity of three different antimicrobial agents against ESBL
producing Escherichia coli and Klebsiella pneumoniae blood isolates.
Microbiol Res 2005, 2:35-140.
37. Mueller LA, Solow TH, Taylor N, Skwarecki B, Buels R, Binns J, Lin C,
Wright MH, Ahrens R, Wang Y, Herbst EV, Keyder ER, Menda N, Zamir D,
Tanksley SD: The SOL Genomics Network: a comparative resource for
Solanaceae biology and beyond. Plant Physiol 2005, 138:1310-1317.
38. Matsukura C, Yamaguchi I, Inamura M, Ban Y, Kabayashi Y, Yin Y, Saito T,
Kuwata C, Imanishi S, Nishimura S: Generation of gamma irradiation-
induced mutant lines of the miniature tomato (Solanum lycopersicum L.)
cultivar ‘Micro-Tom’. Plant Biotechnol 2007, 24:39-44.
39. Meissner R, Chague V, Zhu Q, Emmanuel E, Elkind Y, Levy A: A high
throughput system for transposon tagging and promoter trapping in
tomato. Plant J 2000, 22:265-274.
40. Baulcombe DC, Saunders GR, Bevan MW, Mayo MA, Harrison BD:
Expression of biologically active viral satellite RNA from the nuclear
genome of transformed plants. Nature 1986, 321:446-449.
41. Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmülling T:
Cytokinin-deficient transgenic Arabidopsis plants show multiple
developmental alterations indicating opposite functions of cytokinins in
the regulation of shoot and root meristem activity. Plant Cell 2003,
15:2532-2550.
42. Rushton PJ, Reinstädler A, Lipka V, Lippok B, Somssich IE: Synthetic Plant
Promoters Containing Defined Regulatory Elements Provide Novel
Insights into Pathogen- and Wound-Induced Signaling. Plant Cell 2002,
14:749-762.
43. Hajdukiewicz P, Svab Z, Maliga P: The small, versatile pPZP family of
Agrobacterium binary vectors for plant transformation. Plant Mol Biol
1994, 25:989-994.
44. Murashige T, Skoog F: A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Physiol Plant 1964, 15:473-497.
45. Weide R, Koornneef M, Zabel P: A simple, nondestructive spraying assay
for the detection of an active kanamycin resistance gene in transgenic
tomato plants. Theor Appl Genet 1989, 78:169-172.
46. Jefferson R, Kavanagh T, Bevan M: GUS fusions: β-glucuronidase as a
sensitive and versatile gene marker in higher plants. EMBO J 1987,
6:3901-3907.
47. Fulton TM, Chunwongse J, Tanksley SD: Microprep protocol for extraction
of DNA from tomato and other herbaceous plants. Plant Mol Biol Rep
1995, 13:207-209.
48. Logemann J, Schell J, Willmitaer I: Improved method for the isolation of
RNA from plant tissues. Anal Biochem 1987, 163:16-17.
49. Pfaffl MW: A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 2001, 29:2002-2007.
doi:10.1186/1746-4811-6-23
Cite this article as: Pino et al.: The Rg1 allele as a valuable tool for
genetic transformation of the tomato ‘Micro-Tom’ model system. Plant
Methods 2010 6:23.
Pino et al. Plant Methods 2010, 6:23
http://www.plantmethods.com/content/6/1/23
Page 11 of 11